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Abstract—By patterning mesoscopic crystals of Bi2Sr2CaCu2O8 
(BSCCO) into electromagnetic resonators the oscillations of a 
large number of intrinsic Josephson junctions can be 
synchronized into a macroscopic coherent state accompanied by 
the emission of strong continuous wave THz-radiation.  The 
temperature dependence of the emission is governed by the 
interplay of self-heating in the resonator and by re-trapping of 
intrinsic Josephson junctions which can yield a strongly non-
monotonic temperature dependence of the emission power.  
Furthermore, proper shaping of the resonators yields THz-
sources with voltage-tunable emission frequencies. 
 
Index Terms—Intrinsic Josephson junctions, THz-radiation 
 
I. INTRODUCTION 
LECTROMAGNETIC waves at THz-frequencies hold 
great promise for noninvasive sensing, imaging and 
spectroscopy across the physical, medical, pharmaceutical and 
biological sciences as well as for new applications in security 
and surveillance settings, and high-bandwidth 
communications [1]-[3].  However, progress has been limited 
by the lack of compact solid-state sources of powerful 
continuous-wave THz-radiation, a situation commonly 
summarized as the ‘THz-gap’.  The Josephson effect occurring 
between superconducting electrodes that are separated by a 
thin barrier layer constitutes a natural converter for 
transforming a dc-voltage into high-frequency electromagnetic 
(em) fields, with 1 mV corresponding to 0.483 THz.  Thus 
Josephson junctions [4], [5] and arrays of Josephson junctions 
[6], [7] are potential sources of high-frequency em radiation.  
Powers of 10 µW at frequencies up to 500 GHz were 
delivered by an array of 500 Nb/AlOx/Nb junctions to a 
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detector junction [8] whereas an array of 1968 junctions 
generated 160 µW at 240 GHz [9].  Local oscillators for use in 
superconducting receivers based on flux flow oscillators 
delivered several µW at frequencies around 450 GHz [10].  
The discovery of the intrinsic Josephson junctions [11] in the 
crystal structure of the layered high-temperature 
superconductor Bi2Sr2CaCu2O8 (BSCCO) enables the 
fabrication of 1D arrays in the form of stacks or so-called 
mesas sculpted from BSCCO crystals that contain a very large 
number of identical junctions.  These are expected to allow the 
fabrication of novel sources of intense, coherent THz-radiation 
[12]-[14] that operate at frequencies well exceeding those 
obtainable with Nb-technology due to the large 
superconducting gap energy of BSCCO and at temperatures 
close to 77 K.  However, the requirement of achieving 
synchronization of the high-frequency oscillations of all the 
junctions in the stack has emerged as a major hurdle.    
Recently, we have demonstrated that stacks of intrinsic 
Josephson junctions in BSCCO can be induced to emit 
coherent continuous-wave radiation in the THz-frequency 
range [15].  These samples were designed in such a way that 
an electromagnetic cavity resonance synchronizes a large 
number of intrinsic junctions into a macroscopic coherent state 
enabling emission powers of 0.5 µW and frequencies up to 
0.85 THz.  More recently, radiation powers of 5 µW and 
emission frequencies – at the fourth harmonic – of up to 2.5 
THz have been obtained with BSCCO [16].  Recent modeling 
suggests that the micron-sized samples used in these studies 
hold the potential of emitting at powers of ~1 mW under 
optimized conditions [17], [18].   
Here we present new results on the temperature and voltage 
dependence of the emission from BSCCO mesas.   
 
II. EXPERIMENT AND RESULTS 
The operation of the THz-source is based on the 
propagation of electromagnetic waves – the Josephson plasma 
modes [19]-[21] – inside the layered BSCCO structure.  The 
mode with the highest velocity, c0/n, where n is the far-IR 
refractive index of BSCCO for c-axis polarized waves, is the 
in-phase mode (all junctions oscillate in-phase) and the mode 
with the lowest velocity is the anti-phase mode in which 
neighboring junctions oscillate out-of-phase. Only the in-
phase mode produces noticeable emission.  In mesas with 
lateral dimensions that are smaller than the propagation 
distance of the Josephson plasma modes, multiple reflections 
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at the side faces of the mesa create a standing wave pattern 
and Fabry-Perot type cavity resonances, or Fiske resonances.  
For our samples, we estimate a propagation distance of 
! 
l = "
C
#
c
~1 cm, where βC~104 is the McCumber parameter 
and λc~100 µm is the c-axis magnetic penetration depth.  A 
resonance condition occurs whenever the Josephson 
frequency, fJos, equals the cavity frequency, fcav: 
! 
fcav = c0 /2nw = fJos =V /N"0 .  Here, w is the width of the 
cavity, V is the voltage applied across the junction stack, Φ0 is 
magnetic flux quantum, and N is the number of active 
junctions in the stack.  As the resonance condition is 
approached, for example by scanning the applied voltage, 
energy is pumped into the cavity resonance.  As the cavity 
field builds up it entrains the oscillations of more junctions 
leading to a further increase of the cavity field until (almost) 
all the junctions are synchronized into a coherent in-phase 
oscillation accompanied by a large cavity field.  This process 
resembles the emergence of coherence in a laser cavity.  
Recent low-temperature scanning laser microscopy of the 
electric field distribution in BSCCO mesas [22] supports the 
model of the formation of a resonant cavity mode.  Through 
the electromagnetic boundary conditions at the end-faces of 
the cavity, THz-radiation is transmitted into free-space.  
Furthermore, the resonance condition implies that the 
emission frequency can be controlled by the mesa width 
according to f ~ 1/w, and this relation has been verified in our 
previous experiments [18].  The energy for the radiation is 
supplied by the Josephson oscillations.  Several mechanisms 
of transferring the energy from the Josephson oscillations into 
the cavity resonance have recently been analyzed theoretically 
[17], [18], [23]-[26].  
The BSCCO resonators used in the present study are mesas 
fabricated using Argon-ion milling and photolithography 
techniques from cleaved BSCCO crystals that were grown by 
a traveling floating zone method [27].  The dimensions of the 
mesas are 300 µm in length, w = 100, 80, 60 and 40 µm in 
width, and about 1 µm in height. Due to the manufacturing 
process the mesas are narrower at the top than at the base as 
discussed in more detail below.  A schematic layout is shown 
 
               
 
Fig. 1.  Schematic of a BSCCO resonator.  As current passes down the mesa, 
it excites the fundamental cavity resonance on the width w of the mesa, 
illustrated by the black half-wave.  THz-radiation is emitted from the long 
side-faces of the mesa as shown by the grey waves.  The inset illustrates the 
layered crystal structure of BSCCO. 
in Fig. 1.  When a current passed down the mesa is adjusted in 
such a way that the corresponding voltage fulfils the above 
resonance condition, THz-radiation is emitted from the long 
side faces of the mesa.  The superconducting transition 
temperatures of 77 K to 80 K are the result of underdoping.  
The radiation power was measured using a liquid-helium-
cooled Si-bolometer and the emission spectra were obtained 
using a FT-IR spectrometer enabling measurements between 2 
 
  
 
Fig. 2.  Temperature dependence of the current-voltage curve (dark lines, left 
y-axis) and of the emission power (grey lines, right y-axis) measured on 
decreasing bias current on a 100-µm wide mesa.  A non-monotonous 
temperature dependence of the emission power (inset of panel d)) results from 
the interplay of self-heating of the mesa indicated by the back-bending of the 
IV-curve at high bias and of re-trapping seen as jumps in the IV-curve. 
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and 650 cm-1 with a resolution of 0.25 cm-1 = 7.5 GHz.  
Figure 2 shows the current-voltage (IV) characteristics and the 
radiation power of a 100-µm wide mesa recorded 
simultaneously while decreasing the bias current at various 
sample temperatures.  This mesa emits at a frequency of 0.36 
THz.  Previously we have shown that emission is observed 
only when the bias is decreased along the fully resistive 
McCumber branch [15].  The back bending of the IV-curve at 
high currents is due to self-heating effects as indicated by the 
appearance of unpolarized black-body radiation [15].  Upon 
decreasing the bias, emission peaks, polarized perpendicular to 
the CuO2-planes, occur at specific voltages (see Fig. 2c) 
signaling Josephson radiation [15].  The emission peak at the 
highest voltage corresponds to the participation of essentially 
all the junctions in the stack.  On further decreasing bias a 
certain number of junctions re-trap from the resistive into the 
non-radiating superconducting state, seen as thin-line diagonal 
jumps in the IV-curves, and a second emission peak involving 
fewer active junctions may arise (see below).  The temperature 
evolution of the emission (Figs. 2a-d and inset) is mainly due 
to the interplay of two phenomena, the higher likelihood of re-
trapping events at low temperatures and the approach to Tc 
due to self-heating at high temperatures.  At 20 K, the highest 
voltage emission peak is absent because a re-trapping event 
bypasses the resonance voltage for the full stack.  At 30 K, 
this higher voltage peak appears, although it appears to be cut 
short by re-trapping.  At 50 K two consecutive full emission 
peaks are observed without re-trapping.  Finally, at 60 K self-
heating arises at such a low voltage that it interferes with the 
emission, and the mesa is locally driven to the normal state.  
The inset of Fig. 2 summarizes this behavior of the highest 
voltage emission peak that is observed on many – but not all – 
mesas; see also [16].   
The loss of radiation at low temperatures by re-trapping can 
be understood qualitatively.  The dynamics of a Josephson 
junction can formally be mapped onto the motion of a particle 
in a tilted washboard potential [28] where the overall tilt is 
proportional to the drive current and the depth of the relief is 
given by Josephson critical current.  Re-trapping corresponds 
to the particle becoming localized in one potential well.  Upon 
decreasing temperature, the critical current increases whereas 
the (applied) quasiparticle current is relatively unchanged (see 
Fig. 2).  Thus it is the larger depth of the potential wells that 
enhance the probability of re-trapping.  Re-trapping is a 
sample-dependent statistical phenomenon [29]-[35] and in 
large junction arrays it needs further clarification.    
The IV-curve and emission power for an 80-µm wide mesa 
is shown in Fig. 3a.  Three emission peaks are resolved as the 
voltage decreases.  The FT-IR emission spectra acquired at 
these peak voltages are displayed in Fig. 3b.  They directly 
demonstrate that the emission frequency is virtually the same 
for each of these peaks.  On decreasing the bias from the fully 
resistive state the emission power builds up as the Josephson 
frequency comes in resonance with the cavity (#1).  During a 
jump in the IV-curve some junctions switch to the 
superconducting state (white regions in the inset of Fig. 3b) 
while the voltage per remaining resistive junction jumps up.  
Consequently, the Josephson frequency increases and falls out 
of resonance with the cavity mode until a further decrease in 
bias regains the resonance.  Thus the second emission peak 
(#2) involves a smaller number of active junctions but is at the 
same frequency. 
The data in Fig. 2c reveal an appreciable width in voltage of 
the emission peaks that might indicate a range of resonance 
frequencies.  This is shown in greater detail in Fig. 4 that 
displays emission peaks and power spectra of 60-µm and 100-
µm mesas.  Emission in Fig. 4a occurs over a voltage range of 
~50 mV and the FT-IR spectra corresponding to the voltages 
labeled 1 though 12 are shown in Fig. 4b.  For each voltage we 
observe a resolution-limited emission line-width with an 
intensity that tracks the over–all emission power in Fig. 4a. 
Thus the emission frequency can be tuned by scanning the 
voltage through the peak by about 7%.  We note that the 
voltage can be scanned in a reversible manner as evidenced by 
spectrum #12, which was acquired after increasing the voltage 
from level #11.  This spectrum coincides with spectrum #9 
taken while decreasing the voltage.  An irreversible re-
trapping event occurs near 0.72 V that is well away from this 
emission band.  The power spectra of the 100-µm mesa, 
shown in Fig. 4c, display (see also Fig. 2b,c) a similar trend as 
those in Fig. 4b.  However, the range of tunability is 
 
 
 
 
Fig. 3.  (a) Voltage dependence of the current and of the emission power 
measured on a 80-µm mesa.  Three successive emission peaks corresponding 
to different numbers of active junctions are resolved.  (b) Emission spectra at 
voltages corresponding to the three peaks in (a).  The fourth spectrum is the 
baseline.  These data show directly that the emission peaks seen in the voltage 
dependence have the emission frequency.  The inset illustrates a fully resistive 
junction stack (#1) and a stack in which some junctions re-trapped into the 
superconducting state (white) (#2), respectively. 
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significantly smaller.  We explain these data by realizing that 
the mesas have trapezoidal cross sections (Fig. 5) with sloping 
angles of the long side faces that are as low as 20 to 30 deg.  
Whereas in an ideal cavity a sharp resonance at a well-defined 
voltage is expected, for the trapezoidal cross section a 
distribution of resonance frequencies arises corresponding to 
the varying width as shown schematically in Fig. 5 (middle, 
right).  On decreasing voltage the resonance condition is first 
 
 
 
Fig. 4.  Voltage dependence of the emission. a) Emission peak of a 60-µm 
mesa.  The numbers label the voltages at which the power spectra shown in 
Fig. 4b) have been taken.  c) Power spectra of the 100-µm mesa at various 
voltages (other data on this mesa are shown in Fig. 2). 
 
met at the narrow top of the mesa and subsequently at 
decreasing heights within the mesa.  Synchronization of 
oscillations in different junctions for Josephson-junctions 
arrays coupled via external cavities is theoretically 
investigated using different versions of the Kuramoto model 
[36], [37].  In our case the coupling of the junctions is 
established through the resonant cavity field. Recent 
numerical simulations of the dynamics of junction stacks 
based on the Lawrence-Doniach model support this scenario.  
The stronger this coupling the more junctions will be 
synchronized as represented by the dark band in Fig. 5, 
middle.  Thus, each line in the power spectrum (Fig. 4b) 
corresponds to a band at a location that fulfils an ‘average’ 
resonance condition and with a width given by the observed 
line intensity.  We note that the line intensities are appreciable 
indicating that a large number of junctions synchronize at a 
given frequency.  At low voltages this band leaves the mesa at 
the bottom, and emission ceases.  Since the sloping angles are 
roughly the same for most mesas the relative variation in the 
width is much larger for the narrower mesa, its range of 
resonance frequencies will accordingly be larger, thereby 
explaining the large difference in the range of tunability seen 
in Fig. 4b and 4c. 
 
Fig. 5.  Electron microscopy image of a 40-µm mesa (left) revealing the 
trapezoidal mesa cross-section.  The black contrast at the top of the image is 
the CaF2-insulating layer [12].  Schematic of the cross section (middle).  The 
dark band represents junctions that are synchronized to a single frequency.  
Schematic of the z-dependence of the frequency (right). 
 
III. CONCLUSIONS 
We find that the temperature dependence of the THz wave 
emission from BSCCO mesas is governed by the interplay of 
self-heating in the resonator at high temperatures and be re-
trapping of intrinsic junctions at low temperatures resulting in 
a strongly non-monotonic temperature dependence of the 
emission power.  Furthermore, proper shaping of the 
resonators yields THz-sources with voltage-tunable emission 
frequencies. 
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